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Fisheries biologists and stream ecologists began noticing an increase in siltation and
habitat deterioration in several Arkansas mountain streams in the mid-late 1980°s. Sho
term research by the Arkansas Game and Fish Commission and the Arkansas Department
of Pollution Control and Ecology monitored turbidity increases over 10 fold below
stream gravel mines in the Ozark Mountains as well as reduced smallmouth bass
(Micropterus dolomieu) populations (-50%), Ozark bass (Ambloplites constellatus)
populations (-700%) and other sensitive stream fish. A longer term, more intensive
research study funded by the AGFC and conducted by the University of Arkansas
Cooperative Fish & Wildlife Research Unit verified the degradation in stream water
quality, stream habitat, and stream biota below gravel mines on several Ozark streams.
Width of streams in modified reaches was significantly greater than in natural reaches.
Depth of streams was significantly decreased in areas mined as opposed to undisturbed
reaches. In addition, riparian vegetation was often removed to facilitate loading and
\./ transport of the aggregate off-site.

( Presented at the 1998 American Fisheries Society meeting in Hartford, CT.
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ABSTRACT / Rivers transcorn sediment from eroding up-
lands to depositional areas nezr sea level. If the continuty cf
sediment ransport is interructed by dams or removai ¢f
sediment from the channel oy cravel mining, the flow may
become sediment-starved (hungry water) and prone to
ercde the channel bed anc banriks, preducing channel inci-
sion (downcu*ting), coarsening of bea material, and loss cf
spawning graveis for saimeon and trout (as smaiier graveis

re transported without replacement from upstream). Grave!
is art:ficialiy added tc the Fver Rhine to prevent furiner inci-

SiCn anc (I many CINSr rvers In eLsmois (O resiore spawning
habitat. it is possible to pass incerung sediment throug!
some smell reserveirs, INsresy maintaining ne contnuity of
sediment transcort through the system. Camming anc min-
ing have reducec sedimant Selivery 1o rivers to many
coas:a! areas, leading (¢ accelerated peacn erosion. Sang
and gravel are mired {cr construcion aggregate from niver
cnannet and ficccplains. In-channel mining commaenty
causes incisicn, wnich may propagate uo- and downstream
cf :ne mine, undermining tricges, inducing channel instab: -
ity and lowernng alluvial water tabies. Floocgoiain grave! pits
have the pgtential 1o secome wildiife habitat upen reclama-
ticn. cut may te captured by the active channel and thereby
ceccme insream oits. Management of sand and gravel in
rivers must be cone ¢n a regional basis, restoring the conti-
nuity of sediment ranspor: wnere possibie and encouraging
alternatives (C river-derived aggregate sources.

As waters flow from high elevation to sea level, their
potenual energy is converted to other forms as thev
sculpt the landscape, developing complex channel
nerworks and a vanety of associated habitats. Rivers
accomplish their geomorphic work using excess energy
above that required to simply move water from one
point on the landscape to another. In natural channels,
the excess energy of rivers is dissipated in manv ways: in
turbulence at steps in the river profile, in the frictional
resistance of cobbles and boulders, vegetation along
the bank, in bends. in irregulariues of the channel bed
and banks, and in sediment transport (Figure 1).
The transport of sand- and gravelsized sediment is
particularly important in determining channel form,
and a reduction in the supplv of these sediments mav
induce channel changes. The supply of sand and gravel
mav be the result of manv factors, including changes in
land use, vegetation, climate, and tectonic actvit.. This
paper is concerned specifically with the response of
river channels to a reducton in the supply of these
sediments bv dams and gravel mining.

Sediment is transported mosuy as suspended load:
clay, silt. and sand held aloft in the water column bv
turbulence. in contrast to bedload: sand. gravel. cobbles.
and boulders transported bv rolling, sliding. and bounc-
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ing along the bed (Leopold and others 1964). Bedload
ranges from a few percent of towal load in lowland rivers
to perhaps 15% in mountain rivers (Collins and Dunne
1990), to over 60% in some arid catchments (Schick
and Lekach 1993). Although a relatively small part of
the total sediment load, the arrangement of bedload
sediments constitutes the architecture of sand- and
gravel-bed channels. Moreover, gravel and cobbles have
remendous ecological importance. as habitat for ben-
thic macroinvertebrates and as spawning habitat for
saimon and trout (Kondolf and Wolman 1993).

The rate of sediment transport typically increases as
a power function of flow: that is. 2 doubling of flow
wpicallv produces more than a doubling in sediment
transport (Richards 1982), and most sediment trans-
port occurs during floods.

Continuity of Sediment Transpert
in River Systems

Viewed over a long term. runoff erodes the land
surface. and the river nenvork carnies the erosional
products from each basin. The rates of denudadon. or
lowering of the land by erosion. range widely. The
Appalachian Mountains of North America are being
denuded about 0.01 mm/yr (Leopold and others 1964),
the central Sierra Nevada of California about 0.1

© 1997 Springer-Veriag New York InC.
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Figure 1. Diagram of energy dissipation ir:
river channels.
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ZONE OF EROSION

Figure 2. Zones of erosion, transport, and deposition, and the river channel as convevor belt for sediment. (Reprinted from

Kondolf 1994, with kind permission of Elsevier Science-NL.)

mm/yr (Kondolf and Matthews 1993), the Southern
Alps of New Zealand about 11 mm/yr (Griffiths and
McSaveney 1983), and the southern Central Range of
Taiwan over 20 mm/yr (Hwang 1994). The idealized
watershed can be divided into three zones: that of
erosion or sediment production (steep, rapidly eroding
headwaters), transport (through which sediment is
moved more or less without net gain or loss), and

deposition (Schumm 1977) (Figure 2). The river chan-
nel in the transport reach can be viewed as a conveyor
belt, which transports the erosional products down-
stream to the ultimate depositonal sites below sea level.
The size of sediment rypicallv changes along the length
of the river system from gravel, cobbles, and boulders in
steep upper reaches to sands and silts in low-gradient
downstream reaches, reflecting diminution in size by

e

e



weathering and abrasion, as well as sorting of sizes by
flowing water.

Transport of sediment through the catchment and
along the length of the river system is continuous.
Increased erosion in the upper reaches of the carch-
ment can affect the river environment many miles
downstream (and for vears or decades) as the increased
sediment loads propagate downstream through the
river network. On Redwood Creek in Redwood Na-
tional Park, California, the world's tallest trees are
threatened with bank erosion caused by channel aggra-
dation (building up of sedimentin the channel), which
in turn was caused by clearcutting of timber on steep
slopes in the upper part of the catchment (Madej and
Ozaki 1996, Janda 1978).

Along the river channel convevor bel:, channel
forms (such as gravel bars) may appear stable, but the
grains of which they are composed may be replaced
annually or biannualiy by new sediment from upstream.
Simiiarly, the sediments that make up the river flood-
plain (the valley flat adjacent to the channel) are
tvpically mobile on a time scale of decades or centuries.
The floodplain acts as a storage reservoir for sediments
transported in the channel, alternately storing sedi-
ments by deposition and releasing sediment to the
channel by .bank erosion. For example, the Carmel
River, California, is flanked by flat surfaces (terraces)
that step up from the river. The lowest terrace is the
channel of sand and gravel deposited by the 1911 flood,
but the surface now stands about 4 m above the present,
incised channel (Kondo.f and Curry 1986). By 1960,
the terrace had been suodivided for low-density hous-
ing, despite the recent origin of the land and the
potential for future shifts in channel positon.

A niver channel and floodplain are dvnamic features
that consdtute a single hydrologic and geomorphic unit
characterized by frequent transfers of water and seci-
ment between the two components. The failure to
appreciate the integral connection betnveen floodplain
and channel underlies many environmental problems
in river management todav.

Effects of Dams

Dams and diversions are constructed and operated
tfor a wide variety of purposes including residenual.
commercial, and agricultural water supply: flood and/or
debris control: and hydropower production. Regardless
of the:r purpose, all dams trap sediment to some degree
and most alter the flood peaks and seasonal distribution
of flows, thereby profoindly changing the character
and funcioning of rivers. Bv changing flow regime and
sed:ment load, dams car produce adjustments in allu-

cte of Dams anc Gravel Mining on Rivers
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vial channels, the nawre of which depends upon the
characteristics of the onginal and altered flow regimes
and sediment loads.

Dams disrupt the longitudinal continuity of the river
system and interrupt the action of the conveyor belt of
sediment transport. Upstream of the dam, all bedload
sedimentand all or part of the suspended load (depend-
ing upon the reservoir capacity relative to inflow)
(Brune 1953) is deposited in the quiet water of the
reservoir (reducing reservoir capacity) and upstream of
the reservoir in reaches influenced by backwater. Down-
stream, water released from the dam possesses the
energy to move sediment, but has little or no sediment
load. This clear water released from the dam is often
referred to as hungry water, because the excess energyis
typically expended on erosion of the channel bed and
banks for some years following dam construction, result-
ing in incision (downcutting of the bed) and coarsening
of the bed material unul equilibrium is reached and the
material cannot be moved by the flows. Reservoirs also
may reduce flood peaks downstream, potentally reduc-
ing the effects of hungry water, inducing channel
shrinking, or allowing fine sediments to accumulate in
the bed.

Channe! Incision

Incision below dams is most pronounced in rivers
with fine-grained bed materials and where impacts on
flood peaks-are relativelv minor (Williams and Wolman
1984). The magnitude of incision depends upon the
reservoir operation, channel characteristics, bed mate-
rial size. and the sequence of flood events following
dam closure. For example, the easily eroded sand bed
channel of the Colorado River below Davis Dam, An-
zona, has incised up to 6 m, despite substantial reduc-
dons in peak flows (Williams and Wolman 1984). In
contrast. the Mokelumne River below Camanche Dam
in California has experienced such a dramadc reduc-
tion in flood regime (and consequent reducton in
sediment transport capacity) that no incision has been
documented and gravels are reported to have become
compacted and immobile (FERC 1993).

Reducton in bedload sediment supply can induce a
change in channel pattern. as occurred on Stony Creek,
a tributary to the Sacramento River 200 km north of San
Francisco. Since the closure of Black Butte Dam in
1963, the formerly braided channel has adopted a
single-thread meandering pattern, incised, and mi-
zrated laterally. eroding enough bedload sediment to
compensate for about 20% of the bedload now wrapped
bv Black Butte Dam on an annual average basis (Kon-
dolf and Swanson 1993).
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Bed Coarsening and Losz of Spawning Gravels

Channel erosion below dams is {requenty accompa-
nied by a change in particle size on the bed, as gravels
and finer materials are winnowed from the bed and
uansported downstream, leaving an armor layer, a
coarse lag deposit of large gravel, cobbles, or boulders.
Development of an armor layer is an adjustment by the
river to changed conditions because the larger particles
are less easily mobilized by the hungry water flows below
the dam. The armor layver may continue to coarsen until
the material is no longer capabie of being moved by the
reservoir releases or spills, thereby limiting the ultimate
depth of incision (Williams and Wolman 1984, Dietrich
and others 1989).

The increase in particle siz can threaten the success
of spawning by salmonids (salmon and 'trout), which
use freshwater gravels to ircubate their eggs. The
female uses abrupt upward jerks of her il to excavate a
small pit in the gravel bed, in which she deposits her
eggs and the male releases his milt. The female then
loosens gravels from the bed upstream to cover the eggs
and fill the pit. The completed nests (redds) constitute
incubation environments with intragrave! flow of water
past the eggs and relative protection from predation.
The size of gravel that can be moved to create a redd
depends on the size of the fish, ranging in median

| _jiameter from about 15 mm for small trout to about 50
mm for large salmon (Kondol: and Wolman 1993).

Below dams, the bed may coarsen to such an extent
that the fish can no longer move the gravel. The Upper
Sacramento River, California, was once the site of
extensive spawning by chinook salmon (Oncorhynchus
tshawytscha), but massive extraction of gravel from the
riverbed, combined with trapping of bedload sediment
behind Shasta Dam upstream and release of hungrv
water, has resulted in coarsening of the bed such that
spawning habitat has been virwally eliminated in the
reach (Figure 3) (Parfitt and Buer 1980). The availabil-
ity of spawning gravels can also be reduced by incision
below dams when formerly submerged gravel beds are
isolated as terrace or floodplain deposits. Encroaching
vegetation can also stabilize banks and further reduce
gravel recruitment for redds (Hazel and others 1976).

Grave! Replenishment Below Dams

Gravels were being artificially added to enhance
available spawning gravel supply below dams on at least
13 rivers in California as of 1992 (Kondolf and Mat-
thews 1993). The largest of these efforts is on the Upper
Sacramento River, where from 1979 to 2000 over US$22
million will have been spent importing gravel (derived.

‘ 1ostly from gravel mines on tributaries) into the river

channel (Denton 1991) (Figure 4j. While these projects

Figure 3. Keswick Dam and the channel of the Sacramento
River downstream. (Photograph by the author, January 1989.)

can provide short-term habitat, the amount of gravel
added is but a smali fraction of the bedload deficit
below Shasta Dam, and gravels placed in the main river
have washed out during high flows, requiring continued
addiuon of more imported gravel (California Depart-
ment of Water Resources 1995). On the Merced, Tu-
olumne, and Stanislaus rivers in California, a total of ten
sites were excavated and back-filled with smaller gravel
to create spawning habitat for chinook salmon from
1990 to 1994. However, the gravel sizes imported were
mobile at high flows that could be expected to occur
every 1.5—1.0 vears, and subsequent channel surveys
have demonstrated that imported gravels have washed
out (Kondolf and others 1996a.b).

On the border between France and Germany, a
series of hvdroelectric dams was constructed on the
River Rhine (progressinz downstream) after 1950, the
last of which (the Barrage Iffezheim) was completed in
the 1270s. To address the sediment deficit problem
downstream of Iffezheim, an annual average of 170,000
tonnes of gravel (the exact amount depending on the




Figure 4. Gravel replenishment to
the Sacramento River below Keswick
Dam. (Photograph by the author,
January 1991}

magnitude of the year's runoff} are added to the river
(Figure 5). This approach has proved successful in
preventing furthe - incision of the riverbed downstream
(Kuhl 1992). It i1s worth noung that the quantity of
gravel added each year is not equivalent to the unregu-
iated sediment load of the Rhine; the river’s capacirty to
transport sedimer t has also been reduced because the
peak discharges hive been reduced by reservoir regula-
tion. The amount of sediment added satisfies the
transport capacity of the existing channel, which has
been highly alter=d for navigation and hvdroelectric
generaton.

Sediment Sluicing and Fass-
from Reservoirs

The downstream consequences of interrupting the
flux of sand anc gravel transport would argue for
designing systems to pass sediment through reservoirs
(and thereby reestablish the continuity of sediment
transport). To date, most such efforts have been under-
taken to solve problems with reservoir sedimentation,
particularly deposits of sediment at tunnel intakes and
outlet structures, rather than to solve bedload sediment
suppiy problems downstream. These efforts nave been
most common in regions with high sediment vields such
as Asia (e.g., Sen and Srivastava 1995. Chongshan and
others 1995, Hassanzadeh 1995}, Small diversion dams
(such as those used to divert water in run-of-the-river
hvdroelectric generating projects} in steep \-shaped
canvons have the greatest potential 10 pass sediment.
Because of their small size, these reservoirs (or fore-
bays) can easily he drawn cdown so that the river's

gradient and velocty are manmined through th:

e
N

Figure 5. Barge artificially feeding gravel into the River Rhine
downstream of the Barrage Iffezheim. (Photograph by author.
June 1994))
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at high flow. Large-capacity, low-level outlets are re-
quired to pass the incoming flow and sediment load.

If low-level outets are open at high flow and the
reservoir is drawn down, a small reservoir behaves
essentally as a reach of river, passing inflowing sedi-
ment through the dam outlets. In such a sediment
pass-through approach, the sediment is delivered to
downstream reaches in essenually the same concentra-
tion and seasonal flood flows as prevailed in the predam
regime. This approach was employed at the old Aswan
Dam on the River Nile and on the Bhatgurk Reservoir
on the Yeluard River in India (Stevens 1936). Similarly,
on the River Inn in Austria and Germany, floodwaters
with high suspended loads are passed through a series
of hydropower reservoirs in a channel along the reser-
voir bottom confined by training walls (Hack 1986,
Westrich and others 1992). 1" topographic conditions
are suitable, sqdimen(-laden floodwater may be routed
around a reservoir in a diversion tunnel or permitted to
pass through the length of the reservoir as a density
current vented through a bottom sluice on the dam
(Morris 1993). The Nan-Hwa Reservoir in Taiwan was
designed with a smaller upstream forebay from which
sediment is flushed into a diversion wunnel, allowing
only reladvely clear water to pass into the main reservoir
downstream (Morris 1993).

If sediment is permitted to accumnulate in the reser-
voir and subsequently discharged as a pulse (sediment
sluicing), the abrupt increase in sediment load may
alter substrate and aquatic habitat conditions down-
stream of the dam. The most severe effects are likely to
occur when sediment accumulated over the flood sea-
son is discharged during baseflow (by opening the

vutlet pipe or sluice gates and permitting the reservoir

Figure 8. Sand deposited in the bed of
the Kern River as a result of sluicing from
Democrat Dam in 1986. (Photograph by
the author, December 1950.)

to draw down sufficiently to resuspend sediment and
move bedload), when the river's transporting capacity is
inadequate to move the increased load. On the Kemn
River, the Southern California Edison Company (an
electric utility) obrained agency permission to sluice
sand from Democrat Dam in 1986, anticipating that the
sand would be washed from the channel the subsequent
winter. However, several years of drought ensued, and
the sand remained within the channel until high flows
in 1992 (Figure 6) (Dan Christenson, California Depart-
mentof Fish and Game, Kernville, personal communica-
tion 1992).

On those dams larger than small diversion struc-
tures, the sediment accumulated around the outlet is
usually silt and clay, which can be deleterious to aquatic
habitat and water quality (Bjornn and Reiser 1991).
Opening of the low-level outlet on Los Padres Dam on
the Carmel River, California, released silt and clay,
which resulted in a large fish kill in 1980 (Buel 1980).
The dam operator has since been required to use a
suction dredge to mainurin the outlet (D. Dettman,
Monterey Peninsula Water Management District, per-
sonal communication 1990). On the Dan River in
Danville, Virginia, toxicity testing is required during
sluicing of fine sediments from Schoolfield Dam (FERC
1995). Accidental sluices have also occurred during
maintenance or repair work, sometimes resulting in
substantal cleanup operations for the dam operators
(Ramey and Beck 1990, Kondoif 1993).

Less serious effects are likely when the sediment
pulse is released during high flows, which will have
elevated suspended loads, but which can typically dis-
perse the sediment for some distance downstream. The
Jansanpei Reservoir in Taiwan is operated to provide
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power for the Taiwan Sugar Company, which needs
power for processing only from November to April. The
reservoir is left empty with open fow-level oudets for the
first two months of the rainy season (May and June), so
sediments accumulated over the months of July-April
can be flushed by the first high flows of the season
before storing water in the latter part of the rainyv season
(Hwang 1994).

At present, sediment pass-through is not commonty
done in North America, probably because of the limited
capacity of many low-level outlets and because of con-
cern that debris may become stuck in the outets,
making them impossible to close later, and making
diversions impossible during the rest of the wet season
untl flows drop sufficiendy to fix the oudets. These
concerns can probably be addressed with engineering
solutions, such as trash racks upstream of the oudet and
redundancies in gate structures on the low-level oudet

Large reservoirs canno- be drawn down sufficiendy-to .

transport sediment through their length to the outet
works, for such a drawdown would eliminate carrvover
storage from vear to year, an important benefit from
large reservoirs:

In most reservoirs ir. the United States, sediment is
simply permitted to accumuiate. Active management of
sediment in reservoirs has been rare, largely because
the long-term costs of reservoir storage lost to sedimen-
ration have not been incorporated into decision-making
and planning for reservoirs. Most good reservoir sites
are already occupied by reservoirs, and where suitable
replacement reservoir sites exist, the current cost of
replacement storage (about USS3/m3 in California) is
considerably higher than original storage costs. Mechani-
cal removal is prohibiuvely expensive in all but small
reservoirs, with costs of S15-$30/m?* cited for the
Feather River in California (Kondolf 1995).

Channel Narrowing and Fine Sediment
Accumulation Below Dams

While many reservoirs reduce flood peaks. the de-
gree of reduction varies considerably depending upon
reservoir size and operation. The larger the reservoir
capacity relative to niver flow and the greater the flood
pool available during a given flood, the greater the
reduction in peak floods. Flood control reservoirs
typically contain larger floods than reservoirs operated
solely for water supply. Downstream ot the reservoir,
encroachment of riparian vegetation into parts of the
active channel mayv occur in response to a reduction in
annual flood scour and sediment deposition (Williams
and Wolman 1984). Channel narrowing has been great-
est below reservoirs that are iarge enough to conuin
the river’s largest floods. In some cases. fine sediment

(n
(D)
0

delivered to the river channel by tributaries accumu-
lates in spawning gravels because the reservoirreduced
floods are inadequate to flush the riverbed clean.

On the Trinioy River, California, constructon of
Trinicy Dam in 1960 reduced the two-vear flow from 430
m3/sec 10 9 m3/sec. As a result of this dramatic change
in flood regime, encroachment ofvcgr:LaLion. and depo-
siion of sediment has narrowed the channel to 20—
60% of itsgpredam width (Wilcock and others 1996).
Accumulation of tributary-derived decomposed gra-
nitic sand in the bed of the Trinity River has led to a
decline of invertebrate and salmonid spawning habitat
(Fredericksen, Kamine and Associates 1980). Expen-
mental, controlied releases were made in 1991, 1992,
1993, 1995, and 1996 1o determine the flows required to
flush the sand from the graveis (Wiicock and others
1996).

Such flushing flows increasingiy have been proposed
for reaches downstream of reservoirs to remove fine
sediments accumulated cn the bed and to scour the bed
frequendy enough to prevent encroachment of riparian
vegetaton and narrowing of the active channel (Reiser
and others 1989). The objectives of flushing flows have
not alwavs been clearly specified, nor have potenual
conflicts always been recognized. For example, a dis-
charge that mobilizes the channel bed to flush intersu-
dal fine sediment will often produce comparable trans-
port rates of sand and gravel, eliminating the selective
transport of sand needed to reduce the fine sediment
content in the bed, and resulting in a net loss of gravel
from the reach given its lack of supply from upstream
(Kondolf and Wilcock 1996).

Coastal Erosion

Beaches serve to dissipate wave action and protect
coastal cliffs. Sand may be supplied 1o beaches from
headland erosion, river transport, and offshore sources.
If sand supplv is reduced through a reduction in
sediment delivery from rivers and streams. the beach
may become undernourished. shrink, and cliff erosion
may be accelerated. This process by which beaches are
reduced or mainuined can be thought of in terms of a
sediment balance benween sources of sediment (rivers
and headland erosion). the rate of longshore transport
along the coast. and sediment sinks {such as loss to
deeper water offshore) (Inman 1976). Along the coast
of southern California. discrete coaswaal cells can be
identified. each with distinct sediment sources (sedi-
ment delivery trom river mouths) and sinks (losses to
submarine canvons;. For example, for the Oceanside
littoral cell. tiie contribudon from sediment sources
(Santa Margaria, San Luis Rev, and San Dieguito rivers
and San Mateo anc San- Juan creeks) was estimated.
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Figure 7. The Oceanside littoral cell, showing estimated sand
and gravel supply from rivers, longshore transport, and loss to
the La Jolla submarine canyon (in m3/yr). (Adapted from
Inman 1985, used by permission.)

under natural conditions, at 209,000 m3/yr, roughly
balancing the longshore transport rate of 194,000
m3/yr and the loss into the La Jolla submarine canyon
of 200,000 m 3/yr (Figure 7) (Inman 1985).

The supply of sediment to beaches from rivers can be
reduced by dams because dams trap sediment and
because large dams typically reduce the magnitude of
floods, which transport the majority of sediment (Jen-
kins and others 1988). In southern California rivers,
most sediment transport occurs during infrequent floods
(Brownlie and Taylor 1981), but it is these energetic
events that flood control dams are constructed to
prevent. On the San Luis Rey River, one of the principal
sources of sediment for the Oceanside littoral cell,
Henshaw Dam reduced suspended sediment yield by 6
million tonnes (Figure 8), total sand and gravel yield by
2 million tonnes (Brownlie and Taylor 1981).

Ironically, by trapping sediment and reducing peak
flows, the flood control dams meant to reduce property
damage along rivers contrisute to property damage
along the coast by eliminating sediment supply to the
protective beaches. For the nivers contributing sedi-
ment to the Oceanside littoral cell as a whole, sediment
from about 40% of the catcnment area is now cut off
by dams. Because the rate of longshore wansport (a
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Figure 8. Cumuladve reduction in suspended sec:ment sup-
ply from tne carcchment of the San Luis Rev River due 10
construction of Henshaw Dam. (Adapted from Brownlie and

Taylor 1981.)

funcion of wave energy striking the coast) is un-
changed. the result has been a sediment deficit, loss of
beach sand. and accelerated coastal erosion (Inman
1985).

The effects of sediment trapping by dams has been
exacerbated in combination with other effects such as
channelization and instream sand and gravel mining
(discussed below). Although sluicing sediment from
reservoirs has been considered in the Los Angeles
Basin, passing sediment through urban flood control
channels could cause a number of problems, including
decreasing channel capacity (Potter 1985). “Beach
nourishment” with imported sediment dredged from
reservoirs and harbors has been implemented along
many beaches in southern California (Inman 1976,
Allayaud 1983, Everts 1985). In some cases, sand is
transported to critical locations on the coast via truck or
slurry pipelines. The high costs of transportation, sort-
ing for the proper size fractions, and cleaning contami-
nated dredged material, as well as the difficulty in
securing a stable supply of material make these options
infeasible in some places (Inman 1976).

To integrate considerations of fluvial sediment sup-
ply in the maintenance of coastal beaches into the
existing legal framework, a system of ‘‘sand rights,”
analogous to water rights, has been proposed (Stone
and Kaufmar 1985).

Grave! Mining in River Systems

Sand and gravel are used as construction aggregate
for roads and highways (base material and asphalt),
pipelines (bedding), septic systems (drain rock in leach
fields), and concrete (aggregate mix) for highways and
buildings. In manv areas, aggregate is derived primarily
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from alluvial deposits, either from pits in river flood-
plains and terrances, or by inchannel (instream) min-
ing, removing sand and gravel directly from river beds
with heavy equipment.

Sand and gravel that have been subject to prolonged
transport in water (such as actve channel deposits) are
particularly desirable sources of aggregate becauss
weak materials are eliminated by abrasion and attridon,
leaving durable, rounded, well-sorted gravels (Barksdale
1991). Instream gravels thus require less processing
than many other sources, and suitable channel deposits
are commonly located rear the markets for the product
or on transportaton routes, reducing transportadon
costs (which are the larges: costs in the industry).
Moreover, instream graveis are typically of sufficiently
high quality to be classified as “PCC-grade” aggregate,
suitable for use in production of Pordand Cement
concrete {Barksdale 1991).

cfects of Instream Gravel Mining

Instream mining directy alters the channei geom-
etry and bed elevation and may invoive extensive
clearing, diversion of fiow, stockpiling of sediment, and
excavation of deep pits (Sandecki 1989). Instream
mining may be carried out by excavating trenches or
pits in the gravel bed, or by gravel bar skimming (or
scalping), removing 2i’ the material in a gravel bar
above an imaginary line sloping upwards from the
summer water's edge. In both cases, the preexisdng
channel morphology is disrupted and a local sediment
deficit is produced, but trenching also leaves a headcut
on its upstream end. In addition to the directalterations
of the river environment, instream gravel mining may
induce channel incision, bed coarsening, and lateral
channel inswability (Kondolf 1994).

Channel! Incision and Bec Coarsening

By removing sediment from the channel, instream
gravel mining disrupts tne preexisting balance between
sediment supply and transporting capacity, typically
inducing incision upsiream and downstream of the
extraction site. Excavation of pits in the active channel
alters the equilibrium profile of the streambed. creating
a locally steeper gradient upon entering the pit (Figure
9). This over-steepenec nickpoint (with its increased
stream power) commonly erodes upstream in a process
known as headcutting. Mining-induced incision mav
propagate upstream for kilometers on the main niver
{Scotr 1973, Stevensand others 1990) and up tributaries
(Harvev and Schumm 1987). Gravel pits trap much of
the incoming bedload sediment, passing hungry water
downstream. which tpicallv erodes the channel bed

JE— £  NICKPOINT
g Drezt™™™ ~ EXCAVATION

NICK POINT
MIGRATICN

- OEPOSITION WITHIN PIT

EROSION

Figure 9. Incision produced by insweam grave! mining. a:
The inidal, preextracuon conditon, in which the rver’s
sediment load (Q,) and the shear stress (1) available to
transport sediment are continuous through the reach. b: The
excavauon creates a nickpoint on its upstream end and traps
sedimeng, interrupting the transport of sediment through the
reach. Downstream, the river still has the capacity to transport
sediment (1) but no sediment load. c: The nickpoint migrates
upstream. and hungry water erodes the bed downstream,
causing incision upstream and downstream. (Reprinted from
Kondolf 1994, with kind permission of Elsevier Science-NL.)

and banks to regain at least part of its sediment load
(Figure 9).

A vivid example of mining-induced nickpoint migra-
ton appears on a detailed topographic map prepared
from analysis of 1992 aerial photographs of Cache
Creek, California. The bed had been actively mined up
to the miner’s property boundary about 1400 m down-
stuream of Capay Bridge, with a 4m high headwall on the
upstream edge of the excavation. After the 1992 winter
flows, a nickpoint over 3 m deep extended 700 m
upstreamn from the upswream edge of the pit (Figure
10). After the flows of 1993, the nickpoint had migrated
another 260 m upstream of the excavadon (notshown),
and in the 50-vr flood of 1995, the nickpoint migrated
under the Capay Bridge, contributing to the near-
failure of the structure (Northwest Hvdraulics Consul-
tants 1995).

On the Russian River near Healdsburg, California,
instreamn pit mining in the 1950s and 1960s caused
channel incision in excess of 3-6 m over an 1ll-km
length of river (Figure 11). The formerly wide channel
of the Russian River is now incised, straighter, prevented
from migrating across the vallev floor by levees, and
thus unable to maintin the diversity of successional
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Figure 11. Longitudinal profile of the Russian River. near
Healdsburg, California, showing incision from 1940 to 1991.
{Redrawn from Florsheim and Goodwin 1993, used by permis-
sion.)

stages of vegetation associated with an activelv migrat-
ing river (Florsheim and Goodwin 1993). With contn-
ued extraction, the bed may degrade down to bedrock
or older substrates under the recent alluvium (Figure
12). Just as below dams, gravel-bed rivers may become
armored, limiting further incision (Dietrich and others
1989). but eliminating salmonid spawning habitat.

In many nivers, gravel mining has been conducted
downstream of dams, combining the effects of both
impacts to produce an even larger sediment deficit. On
the San Luis Rev River downstream of Henshaw Dam,

five gravel mining operations within 8 km of the
Highway 395 bridge exwact a permitted volume of
approximately 300,000 m3/yr, about 50 umes greater
than the estimated postdam bedload sediment yield
(Kondolf and Larson 1995), further exacerbatng the
coastal sediment deficit.

Incision of the riverbed typically causes the alluvial
aquifer to drain to a lower level, resulting in a loss of
aquifer storage, as documented along the Russian River
(Sonoma Countyv 1992). The Lake County (California)
Planning Deparument (Lake County 1992) estmated
that incision from instream mining in small river valleys
could reduce alluvial aquifer storage from 1% to 16%.
depending on local geology and aquifer geometry.

Undermining of Structures

The direct effects of incision include undermining
of bridge piers and other structures, and exposure of
buried pipeline crossings and water-supply facilities.
Headcutting of over 7 m from an instream gravel mine
downstream on the Kaoping River, Taiwan, threatens
the Kaoping Bridge, whose downstream margin is now
protected with gabions, massive coastal concrete jacks,
and lengthened piers (Figure 13).

On the San Luis Rev River, instream gravel mining
has not only reduced the supply of sediment to the
coast, but mining-induced incision has exposed aque-
ducts, gas pipelines. and other utiliues buried in the



Figure 12. Tribuwmi v to the Sacraimento
River near Redding, California. eroded o
bedrock as a result or instream mining.
(Photograph by author, Januwuy 19Y89.)

Figure 13. Undercutting and grade con-
wol efforts alony the downstream side of
the Kaoping Bricige over the Kaoping
River. Taiwan. to contro! incision caused by
massive gravel mining downstream. (Pho-
tograph by the author, October 19953

bed and exposed the footngs of a major ghway bridge
(Parsons Brinkerof! Gore & Storrie. Inc. 1994 The
Highwav 32 bridg: over Swony Creek. Calitornia, has
been undermined as a result of intensive gravel mining
directiv upstrean: and downstreum of the bridge (Kon-
dolf and Swanson 1993). Municipal water supply intkes

have been damaged or nmade less etlecuve on the Mad

1

(Lehre and others 1893 and Russtan (Marcus 19923

cers in Cabiforn as dhe bver of overlving sravel has
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decieased due toancision.

mbuag cun Cause channel instadniy
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through disrupton of the existing equilibrium ¢

form or undercutting of hanks caused by incision.
Gravel miing in Blackwood Crecek, California, caused
incision and channel instability upstream and down-
stream, increasing the stream's sediment viekd fourfold
{Todcl 1989, As a nickpoint migrates upstreann. i
inciston and bank undercuitng release additional sedi-
ment w downsucan reaches, where the channel mav
accrade and thereby become unstable {Sear and Archer
19955, Incision o the munstem Russian River propa-

s tribuue Dy Creek, resulung in undercut-

tng of hanks. chnanne! wrdiemiar (rom 16 10 400 min
places,, and desabibizaton, increising dedivery ol sand
aricd gravel to the nunnstem Russian River {Harvey andd

Schumm !4
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A more subtle but potcntialiy significant effect is the
increased mobility of the gravel bed if the pavement
(the active coarse surface layer) (Parker and Klingeman
1982) is disrupted by mining. Similarly, removal of
gravel bars by instream mining can eliminate the
hydraulic control for the reach upstream, inducing
scour of upstream riffies and thus washout of incubat-
ing salmon embryos (Pauley and others 1989).

Secondary Effects of Instream Mining

Among the secondary effects of instream mining are
reduced loading of coarse woody debris in the channel,
which is important as cover for fish (Bisson and others
1987). Extraction (even bar skimming at low extraction
rates) typically results in a wider, shallower sureambed,
leading to increased water temperatures, modification
of pool-riffle distribution, alteration of intergravel flow
paths, and thus degradation of salmonid habitat.

Resolving the Effects of Ins:ream Mining
from Other Influences

In many rivers, several factors potentially causing
incision in the channel may be operating simulta-
neously, such as sediment trapping by dams, reduced

C

channel migration by bank protection, reduced over-

~ bank flooding from levees, and instream mining. How-

ever, in many rivers the rate of aggregate extraction is an
order of magnitude greater than the rate of sediment
supply from the drainage basin, providing strong evi-
dence for the role of extraction in causing channel
change. On Stony Creek, the incision produced by
Black Butte Reservoir could be clearly distinguished
from the effects of instream mining at the Highway 32
bridge by virtue of the distinct temporal and spatal
patterns of incision. The dam-induced incision was
pronounced downstream of the reservoir soon after its
construction in 1963. By contrast, the instream mining
(at rates exceeding the predam sediment supply by
200%—600%, and exceeding the postdam sediment
supply by 1000%-3000%) produced incision of up to 7
m centered in the mining reach near the Highway 32
bridge, after intensification of gravel mining in the
1970s (Kondolf and Swanson 1993) (Figure 14).

Management ci Instream Grave! Mining

Instream mining has long been prohibited in the
United Kingdom, Germany, France, the Netherlands,
and Switzerland. and it is being reduced or prohibited
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in many rivers where impacts are apparent in Italy,
Portugal, and New Zealand. In the United States and
Canada, instream mining continues in many rivers,
despite increasing public opposition and recognition of
environmental effects by regulatory agencies. Instream
mines continue to operate illegally in many places, such
as the United States (Los Angeles Times 1992) and
Taiwan.

Strategies used to manage instream mining range
widely, and in many jurisdictions there is no effecdve
management One strategy is to define a redline, a
minimum elevation for the thalweg (the deepest point
in a channel cross section) along the river, and to
permit mining so long as the bed does not incise below
this line (as determined by annual surveys of river
topography). The redline approach addresses a prob-
lem common to many permits in California, which have
specified that extraction is permitted *x feet below the
channel bed” or only down to the thalweg, without
stating these limits in terms of actual elevatons above a
permanent datum. Thus the extraction limits have
migrated vertically downward as the channel incises.

Another approach is to estimate the annual bedload
sediment supply from upstream (the replenishment
rate) and to limit annual extraction to that value or
some fraction thereof, considered the “safe yield.” The
replenishment rate approach has the virtue of scaling
extracton to the river load in a general wav, but bedload
transport can be notoriously variable from year to year.
Thus, this approach is probablv better if permitted
extraction rates are based on new deposition that year
rather than on long-term average bedload vields. More
fundamenzally, however, the notion that one can extract
at the repienishment raze without affecting the channel
ignores the continuity of sediment transport through
the river system. The mined reach is the “upstream”
sediment source for downstream reaches, so mining at
the replenishment rate could be expected to produce
hungry water conditions downstream. Habitat manag-
ers in Washington state have sought to limit extraction
to 50% of the transport rate as a first-cut esumate of safe
vield to minimize effects upon salmon spawning habitat
(Bates 1987).

Current approaches to managing instream mining
are based on empirical studies. While a theoretical
approach to predicting the effects of different levels of
gravel mining on rivers would be desirabic. the inherent
complexity of sediment transport and channel change
makes firm. specific predictions impossible at present.
Sediment transport models can provide an indication of
potenual channel inc:sion and aggradation. butall such
models are simplifications of a complex reaiitv, and the
utility of existing modeis is limited by unreiiable formu-

lation of sediment rating curves, variations in hydraulic
roughness, and inadeguate undersianding of the me-
chanics of bed coarsening and bank erosion (NRC
1983).

In 1995, the US Department of Transportadon
issued a notice to state transportation agencies indicat-
ing that federal funds will no longer be available to
repair bridges damaged by gravel mining, a move that
may motivixe more vigorous enforcement of regula-
tons governing gravel mining in rivers by states.

Floodplain Pit Mining

Floodplain pit mining transforms riparian woodland
or agricultural land into open pits, which typically
intersect the water table at least seasonally (Figure 15).
Floodplain pit mining has effectively transformed large
areas of floodplain into open-water ponds. whose water
level commoniy tracks that of the main river closely, and
which are commonly separated from the active channel
by oniy a narrow strip of unmined land. Because the pits
are in close hydrologic continuity with the alluvial water
tble, concerns are often raised that contamination of
the pits may lead to contamination of the alluvial
aquifer. Manv existing pits are steep-sided (to maximize
gravel yield per unit area) and offer relatively limited
wetlands habitat, but with improved pit design (e.g.,
gendy sloping banks, irregular shorelines), greater
wildlife benefits are possible upon reclamadon (An-
drews and Kinsman 1990, Giles 1992). -

In many cases, floodplain pits have captured the
channel during floods, in effect convering formerly
offchannel mines to inchannel mines. Pit capture
occurs when the strip of land separaung the pit from
the channel is breached by lateral channel erosion or by
overflowing floodwaters. In general, pit capture is most
likelv when flowing through the pit offers the river a
shorter course than the currendy active channel.

When pit capture occurs, the formerly off-<channel
pitis converted into an in<hannel pit, and the effects of
instream mining can be expected, notably propagation
of incision up- and downstream of the pit. Channel
capture bv an off<hannel pit on the ailuvial fan of
Tujunga Wash near Los Angeles created a nickpoint
that migrated upstream. undermining highway bridges
(Scout 1973). The Yakima River, Washington, was cap-
tured by two floodplain pits in 1971, and began under-
cutting the highway for whose construction the pits had
been originaliv excavated (Dunne and Leopold 1978).
High flows on the Clackamas River, Oregon, in 1996
resulted in capture of an off-<channel pitand resulted in
2 m of incision documented about | km upstream
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(Figure 16) and caused undermining of a building at
the gravel mine site (Figure 17).

Off-channel gravel pits have been used successfully
as spawning and rearing habitat for salmon and trout in
Idaho (Richards and others 1992) and on the Olympic
Peninsula of Washington (Partee and Samuelson 1993).
In warmer climates, however, these off<channel pits are
likely to heat up in the summer and provide habitat for
warm-water fish that prey on juvenile salmonids. During
floods, these pits may serve as a source of warm-water
fish to the main channel, and juvenile saimon can

ecome stranded in the pits. The Merced River, Califor-
113, flows through at least 15 gravel pits, of which seven
were excavated in the active channel, and eight were

Figure 15. Fioodplain pit aleng Cotton-
wood Creek near Redding, California.
(Photograph by author, January 1989.)

Figure 16. Incision of Clackamas River
approximately one mile upstream of
captured gravel pit near Barton, Or-
egon. The three men on the right are
standing on the bed of a side channel
that formerly joined the mainstem at
grade, but is now elevated about 2 m
above the current river bed, after up-
stream migration of a nickpoint from
the gravel pit. View upstream. (Photo-
graph by authar, April 1996.)

excavated on the floodplain and subsequendy captured
the channel (Vick 1995). fuvenile salmon migrating
towards the ocean become disoriented in the quiet
water of these pits and suffer high losses to predation by
largemouth and smallmouth bass (Micropterus salmoides
and M. dolomieui). On the nearby Tuolumne River, a
1987 study by the California Department of Fish and
Game estimated that juvenile chinook salmon migrat-
ing oceanward suffered 70% losses to predation (mostly
in gravel pits) in the three davs required to traverse an
80-km reach from LaGrange Dam to the San joaquin
River (EA 1992). To reduce this predation problem,
fundinz has been allocated to repair breached levees at
one gravel pit on the Merced River at a cost of
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Figure 17. Buiidi g undercut by bank
erosion as the Clac:iamas River flows
through a capturec gravel pit near Bar-
ton, Oregon. (Photegraph by the author,
April 1996.)

1'83361,000 ‘Rondoli and others 1996a), anc refiiling
of two pits on the Tuolumne River hus been ¢

oposed at
\

acostof $2.3 miliion (McBain and Trush 1990,

Agarsegate Suoply, Quality, enc Uses

Aggregates ca» be obuined from o wide variery of
sources (besides tluvial deposits), such as dry terrace
mines, quarries (from which rock must be crushed,
washed, and sort:d), dredger wilings, reservoir deis,
and recycling concrete rubble. These alternative sources
usually require more processing and often require
longer transportation. Although their production costs
are commoniv higher, these alternative sources avoid
many impacts of riverine extraction and may provide
other benefits, such as partially restoring reservoir
capacity lost to sedimentation and providing vpportuni-
ties for ecologica! restoration of sterile dredger tailings.

In California, most aggregate that has been pro-
duced to date has been PCC-grade aggregate from
instream deposit or recent channel deposits in flood-
plains. These deposits were viewed as virtuallviniinite in
supply, and these high-grade aggregutes have been used
in appiications (such as road subbase) for which other,
more abundant iguregates (e.g.. crushed rock from
apland quarries) would be acceptable. Given that de-
mand for agzrecue commonly exceeds the suppiv of
sand and gravel rom the catchment by an order of
magznitude or more, public policy ouglit o encourage
reservation ol the most valuable agaregate resonrces tor
thie highest enid uses. PCC-grade instream graves should
be used, to the exient possible, only in apsiications
requiring such hici-quality aggregate. Uplund quair

and terrace piesources of lower-grade azyrecuie shouid

be identified. and alternative sources such as mining

goid dredyer tilings or reservoir accumulations, should
be evaluated. Wherever possibie, concrete rubble should
be recvcled to produce azgrecate for many applications.

Reservowr secdiments are a largely unexploited source
of building materials i the United States. In general,
reservoir deposits will be attructve sources of aggre-
gaize to the extent that they are sorted by size. The
cdepositional pattern within a reservoir depends on
reservoir size and configuration and the reservoir stage
curing floods. Small diversion dams may have a low trap
efficiency for suspended sediments and trap primarily
sand and gravel, while larger reservoirs will have mostly
finer-grained sand, silt. and clay (deposited from suspen-
sion) threughout most of the reservoir, with. coarse
secdiment wvpically concentrated in delws at the up-
stream end of the reservoir. These coarse deposits will
extend farther if the reservoir is drawn down to a low
level when the sedimentladen water enters. In many
reservoirs, sand and gravel occur at the upstream end,
silts and clays at the downstream end, and a mixed zone
of interbedded coarse and fine sediments in the middle.

Sand and gravel are mined commercially from some
debrnis basins in the Los Angeles Basin and from Rollins
Reservoir on the Bear River in California. In Taiwan,
most reservolr sediments are fine-grained (owing to the
caiiner of the source rocks), but where coarser sedi-
ments wre deposited, they are virwally all mined for
construction agzzregate (J. S. Hwang, Taiwan Provincial
Water Conservancy Bureau, Taichung City, personal
communication 1996). In Isracl, the 2.2-km-loing Shikma
Reservoir i mined in its upper 600 m o produce sand
and gravel for construction aggregate, and inits lower |
him o produce clav for use in cement, bricks. clay seals
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for sewage treatment ponds, and pottery (Laronne
1995. Taig 1996). The zone of mixed sediments in the
mid-section of the reservoir is left unexcavated and
vegetted so it permits only fine-grained washload to
pass downstream into the lower reservoir. thereby ensur-
ing contnued deposition of sand and gravel in the
upstream portion of the reservoir and silt and clav in
the downstream portion. The extraction itself restores
some of the reservoir capacity lost to sedimentation.
Similariy, on Nahal Besor, Israel, the off<channel Lower
Rehovot Reservoir was deliberately created (to provide
nesdec reservoir storage) by gravel mining. Water is
diverted into the reservoir through a spillway at high
flows. as controlled by a weir across the channel (Cohen
1996).

Extraction of reservoir sediments parually mitigates
losses in reservoir capacity from sedimentaton. Be-
cause of the high costs and practical problems with
construction of replacement reservoir storage and/or
mechanical removal of sediment, restoration of reser-
voir capacity may be seen as one of the chief benefits
from mining aggregate and industrial clays from reser-
voirs. If these benefits are recognized, mining reservoir
deposits may become more economically attractive in
the fumure, especially if the environmental costs of
instream and floodplain mining become better recog-
nized and reflected in the pri:es of those aggregates. In
the United States, construction of reservoirs was often
justifiec partally by antcipated recreational benefits,
and thus reservoir margins are commonly designated as
recreation areas, posing a potenual conflict with an
industrial use such as gravel mining. Furthermore,
wetlands may form in reservoir delta deposits, posing
potenual conflicts with regulauons protecting wedands.

Conclusions

Comprehensive management of gravel and sand in
river systems should be based on a recogniuon of the
natural flow of sediment through the drainage network
and the nature of impacts (to ecological resources and
to infrastructure) likely to occur when the contunuirv of
sediment is disrupted. A sediment budget should be
developed for present and historical conditions as a
fundamental basis for evaluation of these impacts, many
of which are cumulative in nature.

The cost of sediment-related impacts of existing and
proposed water development projects and aggregate
mines must be realistically assessed and inciuded in
economic evaluatons of these projects. The (verv real)
costs of impacts such as bridge undermining, loss of
spawning gravels, and loss of beach sand are now
externalized, borne by other sectors of society rather

than the generators of the impacts. The notion ¢f
sediment rights (analogous to water rights} should be
explored as a framework within which 1o assess reservoir
operations and aggregate mining for these impacts.

Sediment pass-through should be undertaken in
reservoirs (where feasible) 1o mimic the natural flux of
sediment through the nver system. Pass-through should
be done onlv during high flows when the sediment is
likely to conunue dispersing downstream from the
reservoir. The cost of inswualling larger low-level outlets
(where necessarv) on existung dams will generally be
less than costs of mechanicai removal of sediments over
subsequent decades. In larger reservoirs where sear
ment cannct be passed through a drawn-down reser-
voir, alternative means of transporung the gravel and
sand fractions around (or through) reservoirs using
tunnels, pipes, or barges should be explored.

Flushing flows should be evaluated not enlv in light
of potental benefits of flushing fine sediments from
mobilized gravels, but also the potental loss of gravel
from the reach due to downstream transport.

The regional context of agzregate resources, market
demand, and the environmentual impacts of various
alternauves must be understood before any site-specific
proposal for aggregate extraction can be sensibly re-
viewed. In general, effects of aggregate mining should
be evaluated on a river basin scale, so that the cumula-
tive effects of extraction on the aquatic and riparian
resources can be recognized. Evaluaton of aggregate
supply and demand should be undertaken on the basis
of production—consumpticn regions, encompassing the
market for aggregate and all potental sources of aggre-
gate within an economical transport distance.

The finite nature of high-quaiiry alluvial gravel re-
sources must recognized, and high-quality PCC-grade
aggregates should be reserved only for the uses demand-
ing this quality marerial (such as concrete). Alternative
sources should be used in less demanding appiications
(such as road subbase). The environmental costs of
instream mining should be incorporated into the price
of the product so that alternative sources that require
more processing but have less environmenul impact
become more attractive.

Instream mining should not be permitted in rivers
downstream of dams by virtue of the lack of supply from
upstream or in rivers with important salmon spawning
(unless it can be shown that the extracuon will not
degrade habitat).
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Turbidity

Why Is it Important?

Turbidity refers to how clear the water is. The greater the amount of total suspended solids (TSS) in the
water, the murkier it appears and the higher the measured turbidity. The major source of turbidity in the
open water zone of most lakes is typically phytoplankton, but closer to shore, particulates may also be clays
and silts from shoreline erosion, resuspended bottom sediments (this is what turns the western arm of Lake
Superior near Duluth brown on a windy day), and organic detritus from stream and/or wastewater
discharges. Dredging operations, channelization, increased flow rates, floods, or even too many bottom-
feeding fish (such as carp) may stir up bottom sediments and increase the cloudiness of the water.

High concentrations of particulate matter can modify light penetration, cause shallow lakes and bays to fill
in faster, and smother benthic habitats - impacting both organisms and eggs. As particles of silt, clay, and
other organic materials settle to the bottom, they can suffocate newly hatched larvae and fill in spaces
between rocks which could have been used by aquatic organisms as habitat. Fine particulate material also
can clog or damage sensitive ;ill structures, decrease their resistance to disease, prevent proper egg and
larval development, and potentially interfere with particle feeding activities. If light penetration is reduced
significantly, macrophyte growth may be decreased which would in turn impact the organisms dependent
upon them for food and cover. Reduced photosynthesis can also result in a lower daytime release of oxygen
into the water. Effects on phytoplankton growth are complex depending on too many factors to generalize.

Very high levels of wrbidity for a short period of time may not be significant and may even be less of a

problem than a lower level that persists longer. The figure below shows how aquatic organisms are
generally affected.

RELATIONAL TRENDS OF FRESH WATER FISH ACTIVITY TO TURBIDITY VALUES AND TIME
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Schematic adapted from "Turbidty: A Water Quality Measure", Water Action Volunteers, Monitoring
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UW-Extension, Environmental Resources Center. It is a generic, un-calibrated impact assessment model
based on Newcombe, C. P., and J. O. T. Jensen. 1996. Channel suspended sediment and fisheries: a
synthesis for quantitative assessment of risk and impact. North American Journal of Fisheries Management.
16: 693-727.

Impacts

The major effect turbidity has on humans might be simply aesthetic - people don't like the look of dirty
water. However, turbidity also adds real costs to the treatment of surface water supplies used for drinking
water since the turbidity must be virtually eliminated for effective disinfection (usually by chlorine in a
variety of forms) to occur. Particulates also provide attachment sites for heavy metals such as cadmium,
mercury and lead, and many toxic organic contaminants such as PCBs, PAHs and many pesticides.

Turbidity is reported by RUSS in nephelometric units (NTUs) which refers to the type of instrument
(turbidimeter or ncphelometer) used for estimating light scattering from suspended particulate material.
Turbidity can be measured in several ways. Turbidity is most often used to estimate the TSS (total
suspended solids as [mg dry weight]/L) in the lake's tributaries rather than in the lake itself unless it is
subject to large influxes of sediments. For the WOW project we will attempt to develop empirical
(meaning: based upon direct measurements) relationships between TSS and turbidity for each system since
turbidity is easily measured and TSS analyses are not very sensitive at the typically low concentrations
found in the middle of most lakes. Also, TSS is a parameter that directly relates to land uses in the
watershed and is a key parameter used for modeling efforts and for assessing the success of mitigation and
restoration efforts.

What in the world are Nephelometric Turbidity Units (NTU’s)?

They are the units we use when we measure Turbidity. The term Nephelometric refers to the way the
instrument estimates how light is scattered by suspended particulate material in the water. The
Nephelometer, also called a turbidimeter, attached to the RUSS unit has the photocell (similar to the one on
your camera or your bathroom nightlight) set at 90 degrees to the direction of the light beam to estimate
scattered rather than absorbed light. This measurement generally provides a very good correlation with the
concentration of particles in the water that affect clarity.

In lakes and streams, there are 3 major types of particles: algae, detritus (dead organic material), and silt
(inorganic, or mineral, suspended sediment). The algae grow in the water and the detritus comes from dead
algae, higher plants, zooplankton, bacteria, fungi, etc. produced within the water column, and from
watershed vegetation washed in to the water. Sediment comes largely from shoreline erosion and from the
resuspension of bottom sediments due to wind mixing. :

Usually, we measure turbidity to provide a cheap estimate of the total suspended solids or sediments (TSS)
concentration (in milligrams dry weight/L). TSS measurement requires you to filter a known volume of
water through a pre-weighed filter disc to collect all the suspended material (greater than about 1 micron in
size) and then re-weigh it after drying it overnight at ~103°C to remove all water in the residue and filter.
This is tedious and difficult to do accurately for low turbidity water - the reason why a turbidimeter is often
used. Another even cheaper method is to use an inexpensive devise called a Turbidity Tube. This is a
simple adaptation for streams of the Secchi disk technique for lakes. It involves looking down a tube at a
black and white disk and recording how much stream water is needed to make the disk disappear.
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This device yields data for streams that is similar to a secchi depth measurement in lakes. As for secchi
mecasurements are made in the shade with the sun to your back to make an accurate and reproducible
reading - the shadow of the observer should be adequate.

1. Pour sample water into the tube until the image at the bottom of the tube is no longer visible when
looking directly through the water column at the image. Rotate the tube while looking down at the
image to see if the black and white areas of the decal are distinguishable.

2. Record this depth of water on your data sheet to the nearest 1 cm. Different individuals will get
different values and all should be recorded, not just the average. It is a good idea to have the initials of
the observer next to the value to be able identify systematic errors.

3. If you see the image on the bottom of the tube after filling it, simply record the depth as > the depth of
the tube. Then construct a longer tube, more appropriate for your stream.

Turbidity is a standard measurement in stream sampling programs where suspended sediment is an
extremely important parameter to monitor. It may also be useful for estimating TSS in lakes, particularly
reservoirs, since their useful lifetime depends upon how fast the main basin behind the dam fills with
inflowing sediments trom mainstem and tributary streams and from shoreline erosion. In the WOW lakes,
direct inputs of sediments from tributaries are probably too low to significantly affect the turbidity of the
water column out in the main lake. However, algal dénsities, particularly in the more eutrophic lakes in the
Minneapolis Metro area represent enough particulate material to be easily measureable by the RUSS
turbidity sensors. Although chlorophyll sensors (fluorometers) would be the best way for us to estimate
algal abundance (we lack the funding at present), in these lakes the turbidity sensors provide an alternate
estimate of algae.



Secchi Depth
Why Is it Important?

The secchi disk depth provides an even lower "tech" method for assessing the clarity of a lake. A Secchi
disk is a circular plate divided into quarters painted alternately black and white. The disk is attached to a
rope and lowered into the water until it is no longer visible. Secchi disk depth, then, is a measure of water
clarity. Higher Secchi readings mean more rope was let out before the disk disappeared from sight and
indicates clearer water. Lower readings indicate turbid or colored water. Clear water lets light penetrate
more deeply into the lake than does murky water. This light allows photosynthesis to occur and oxygen to
be produced. The rule of thumb is that light can penetrate to a depth of about 2 - 3 times the Secchi disk
depth.

Clarity is affected by algae, soil particles, and other materials suspended in the water. However, Secchi disk
depth is primarily used as an indicator of algal abundance and general lake productivity. Although it is only
an indicator, Secchi disk depth is the simplest and one of the most effective tools for estimating a lake's
productivity.

Reasons for Natural Variation

Secchi disk readings vary seasonally with changes in photosynthesis and therefore, algal growth. In most
lakes, Secchi disk readings begin to decrease in the spring, with warmer temperature and increased growth,
and continue decreasing until algal growth peaks in the summer. As cooler weather sets in and growth
decreases, Secchi disk readings increase again. (However, cooler weather often means more wind. In a
shallow lake, the improved clarity from decreased algal growth may be partly offset by an increase in
concentration of seciments mixed into the water column by wind.) In lakes that thermally stratify, Secchi
disk readings may decrease again with fall tumnover. As the surface water cools, the thermal stratification
created in summer weakens and the lake mixes. The nutrients thus released from the bottom layer of water
may cause a fall algie bloom and the resultant decrease in Secchi disk reading.

Rainstorms also may affect readings. Erosion from rainfall, runoff, and high stream velocities may result in
higher concentrations of suspended particles in inflowing streams and therefore decreases in Secchi disk
readings. On the other hand, temperature and volume of the incoming water may be sufficient to dilute the
lake with cooler, clearer water and reduce algal growth rates. Both clearer water and lower growth rates
would result in increased Secchi disk readings. ‘

The natural color of the water also affects the readings. In most lakes, the impact of color may be
insignificant. But some lakes are highly colored. Lakes strongly influenced by bogs, for example, are often
a very dark brown and have low Secchi readings even though they may have few algae.

Expected Impact of Pollution

Pollution tends to reduce water clarity. Watershed development and poor land use practices cause increases
in erosion, organic matter, and nutrients, all of which cause increases in suspended particulates and algae
growth.



Secchi disk depth is usually reported in feet to the nearest tenth of a foot, or meters to the nearest tenth of a
meter. Secchi disk readings can be used to determine a lake's trophic status. Though trophic status is not
related to any water quality standard, it is a mechanism for "rating” a lake's productive state since
unproductive lakes are usually much clearer than productive lakes.

REFERENCES
Michaud, J.P. 1991 A citizen's guide to understanding and monitoring lakes and streams. Publ. #94-149,
Washington State Dept. of Ecology, Publications Office, Olympia, WA, USA (360) 407-7472.

Moore, M.L. 1989. NALMS management guide for lakes and reservoirs. North American Lake
Management Society, P.O. Box 5443, Madison, WI, 53705-5443, USA (http://www.nalms.org).

From the University of Minnesota, Excerpt from "Water on the Web".
http://wow.nrri.umn.edw/wow/under/parameters/turbidity.html



Turbidity Tube Construction Directions

Like the secchi disk, the turbidity tube is a simple and easy way to estimate water clarity.

Equipment (to make three tubes)

- 8 ft. fluorescent light sleeve

-3-19/16to 1 5/8 inch Plexiglas discs

- 3- 1% inch white Plex:glas discs

- Sharp knife (e.g., Exacto knife)

- Black permanent marker or electrical tape
- Plexiglas sealant

- Measuring tape or yard stick

Procedure

1. Using the knife-cut the 8-foot fluorescent light sleeve into three equal lengths (32 inches).

2. Insert the 1 9/16 to 1 5/8-inch white Plexiglas disc into one end and seal with Plexiglas sealant. If disc has a center
hole, plug it with sealan:. (Note: this will likely have to be treated with sealant more than once to fill all spaces. An
easy way to check to see if more sealant is necessary, is to blow into the tube at the opposite end of the disc and feel
if air escapes near the end with the disc inserted into it.)

3. Using the black marker or electrical tape (and razor blade to cut edges smooth), color half of the white Plexiglas
disc or color two opposite quadrants black, similar to a secchi disc.

4. Drop the white and black disc (target) into the tube.

5. *Attach a measuring tape (inches or cm) along the length of the tube, with the tape's zero mark aligned with the
top of the target. When assessing turbidity, convert to (approximately) NTUs using the chart included in the WAV
monitoring fact and data sheets.

*Alternately

5. *Starting from the top of the target draw a line around the tube, leaving a space (gap) in the circular line for a
label. Place lines at the heights above the target as shown in the following table:

Line . Distance above target (inches) Turbidity Units (roughly NTUs)
1 2.875 200
2 4.5 100
3 1.5 50
4 12.25 20
5 17 15
6

20.75 10

Note that turbidity unit labels are not always equally spaced, therefore if using this method you cannot estimate
NTUs between lines on the turbidity tube.

These directions are based on information from Jim Peterson, UWEX Environmental Resources Center, UW-
Madison.

University of Wisconsin-Extension Water Resources Programs
http://clean-water.uwex.eduw/wav/monitoring/turbidity/tubedirections.htm



